SUMMARY
INTRODUCTION
Host cell responses to Gram-negative bacteria are orchestrated by immediate recognition of and response to minute quantities of bacteria and/or bacterial products that mobilize defense mechanisms. Although normally protective, similar responses to higher concentrations of these products may provide the basis for much of the pathologic sequelae in certain invasive infections. For example, the pathogenicity and severity of infection provoked by Neisseria meningitidis (NMB) has been correlated with high circulating levels of meningococcal endotoxin, lipooligosaccharide (LOS) (1) . LOS is a unique amphiphathic glycolipid found in the outer leaflet of the outer membrane of NMB and related Gram-negative bacteria (2, 3) . Host cell response to LOS, like other endotoxins, is mediated through specific interactions with several host proteins including the lipopolysaccharide binding protein (LBP) and CD14 in either a membrane bound (mCD14) or soluble form (sCD14) to activate cells, such as macrophages, neutrophils, and endothelial cells, with the resultant release of a broad array of pro-inflammatory mediators (7) (8) (9) (10) (11) (12) (13) . The cell protein(s) thought to be primarily responsible for triggering cell responses to endotoxin includes members of the Toll-like receptor protein family, most notably, Toll-like receptor 4 complexed to accessory proteins such as . In addition to these protein interactions, it has been suggested by a number of earlier studies that serum albumin may be a factor in the host defense system by facilitating interactions of endotoxin with protein components responsible for cell activation and clearance (21) (22) (23) (24) (25) (26) (27) ). In by guest on October 5, 2017 http://www.jbc.org/
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Albumin facilitates endotoxin response 4 particular, interactions between the lipid A portion of endotoxins and albumin have been noted to be important in delivery of endotoxin to cell acceptors (21, 24, 26) .
We have recently reported the generation of an acetate auxotroph of NMB that permits radiolabeling of LOS to high specific activity (28) . The physical state of the highly radioactive LOS has been examined by gel filtration chromatography under conditions that produce material that can be used directly in bioassays at concentrations that are pathophysiologically relevant (28) . These studies, as well as recent studies with lipopolysaccharide isolated from E. coli K12 (29) , have shown that 1) activation of endothelial cells, as measured by production of IL-8, or 2) activation of blood leukocytes, as measured by lucigenin-enhanced chemiluminescence, can be correlated with changes in the physical and/or biochemical mode of presentation of LOS or LPS (28) .
This gel filtration system has been utilized to isolate apparently homogeneous populations of LOS aggregates (LOS agg ) and protein:LOS aggregates/complexes (28, 29) .
Subsequently, the bioactive form of LOS delivered to and responsible for response in mCD14-deficient endothelial cells consists of a complex of LOS with sCD14 that is significantly smaller in molecular size than is LOS agg . Generation of this bioactive LOS containing complex is greatly facilitated by interaction with LBP and involves changes in physical state from an aggregate with an apparent molecular size greater than 2 x 10 4 kDa to an active complex with an apparent M r < 100 kDa. Thus, cellular activation requires the transfer of the amphipathic glycolipid between complex hydrophobic environments: from endotoxin-rich aggregates or monolayers in the bacterial membrane to CD14 and subsequently to Toll-like receptor 4/MD-2 in a host cell membrane. When this transfer of endotoxin occurs across and within aqueous spaces, as it does with sCD14, a role for a lipid carrier might be anticipated. Previous studies have suggested that
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Preparation of 14 C-LOS from Neisseria meningitidis serogroup B

14
C-LOS from the mutant strain of encapsulated N. meningitidis serogroup B (NMB ACE-1) was metabolically labeled and isolated as previously described (28) . Briefly, the acetate auxotroph strain NMB ACE-1 was generated by allelic exchange of the putative meningocococcal gene encoding the PDH E1 component (pdhA) with a plasmid containing a copy of pdhA disrupted by insertion of a Km r cassette (28) . The bacteria were cultured at 37°C in 5% CO 2 /95% atmosphere on GC agar supplemented with 1X isovitalex. Radiolabeling was carried out in Morse's defined broth medium (33) supplemented with 1X isovitalex, 10 mM sodium bicarbonate and 1.5 mM sodium acetate. To obtain 14 C-LOS of high specific radioactivity, 160 µCi/ml of [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-acetate was added to the media during growth of meningococci to late log phase.
14 C-LOS was purified from radiolabeled bacteria by a modification of the hot phenolwater method (28) . After ethanol precipitation, the 14 C-LOS containing pellet was dried and resuspended in cold distilled water to an estimated concentration of 100µg LOS/ml and then sonicated at room temperature for 15min in a water bath sonicator. The composition of 14 C-LOS was routinely analyzed for 14 C-fatty acid content by thin layer chromatography and quantitation was performed by image analysis as described previously (28) . The specific radioactivity of 14 C-LOS was calculated from image and GC-MS analyses as described by Giardina et al (28) . were unaffected by the presence of albumin in the column buffer.
Sephacryl S200 chromatography was performed on an AKTA FPLC system using a 1.6cm x 30cm column with a flow rate 0.5 ml/min in Hepes-buffered HBSS + ; 1ml fractions were collected and evaluated for the presence of Human cells HUVEC were routinely cultured on collagen-coated plates (Costar;
Cambridge, MA) at 37ºC, 5% CO 2 and 95% relative humidity in endothelial cell basal medium supplemented with 5% fetal bovine serum, 12 µg/ml bovine brain extract, 10 ng/ml human endothelial growth factor, 1 µg/ml hydrocortisone and 50 µg/ml gentamicin. Cells were subcultured and grown to confluence (~4-5 days C-LOS ± LBP (0.2 µg/ml) and sCD14 (0.5 µg/ml). Activation of HUVEC was assessed by measuring accumulation of extracellular IL-8 by ELISA (34) .
Equivalent responses were observed with 0.1-0.5 µg/ml of LBP and 0.25-1.0 µg/ml sCD14. ) and incubated with LBP and sCD14 without albumin was not significantly disaggregated ( Fig.2A) .
RESULTS
LOS
The presence of albumin exerted similar influences on the activation of endothelial cells by LOS agg in the presence of LBP and sCD14. LOS agg HSA isolated and incubated with LBP and sCD14 in the presence of albumin potently activated HUVEC whereas LOS agg No HSA with LBP and sCD14 incubated in the absence of albumin did not (Fig.2B) . If albumin was added either only during the formation/isolation of LOS agg or introduced only during the incubation of cells with LBP and sCD14, substantial, but not optimal LOS-dependent cell activation was observed (data not shown). Different commercial sources of human albumin including fatty acid-free albumin, bovine serum albumin, and human serum albumin purified by gel filtration chromatography all had similar effects (data not shown).
The requirement for albumin is apparently specific: neither gelatin nor ovalbumin supported LOS-dependent cell activation (Fig.3B) or LBP/sCD14-dependent disaggregation of LOS agg (Fig. 3A) . Although the chromatographic profile of NMB ACE-1 LOS was similar in 0.1% ovalbumin (LOS agg OVAL ) and 0.1% HSA (compare Fig. 1 and 3A) , the recovered LOS agg OVAL was not significantly disaggregated during incubation with LBP and sCD14 in the presence of ovalbumin (Fig.3A) . Overall recoveries of 14 C-LOS either from the chromatographic step or from cell cultures were not appreciably different under the various experimental conditions. These findings strongly suggest that albumin is an essential co-factor for LBP/sCD14 dependent disaggregation of LOS agg and activation of endothelial cells. The peak 14 C-LOS-containing fraction (LOS:sCD14) recovered from Sephacryl S200 chromatography potently activated HUVEC without the further addition of LBP and/or sCD14 in contrast to LOS agg (Fig.6C) . Cell activation by this fraction was blocked by 18E12, but not by MEM18 or anti-LBP antibodies confirming that it is the LOS:sCD14 complex that is responsible for cell activation. Although albumin is not physically associated with the bioactive LOS complex, addition of albumin to this complex appears to be needed for solubility/stability of the complex and, hence, maximal cell activation (Fig.6C) .
DISCUSSION
We have previously demonstrated that LOS isolated from an acetate auxotroph of Neisseria meningitidis can be resolved by gel sieving on Sephacryl S500 in the presence of 0.1% albumin to yield a population of LOS aggregates that can be disaggregated efficiently by interaction with LBP and sCD14 in a buffer system compatible with direct bioassay of isolated species at pathophysiologically relevant concentrations (28) . The disaggregated LOS-containing complex is responsible for the maximal cell activation by LOS as measured by the production of IL-8 in HUVEC (28) . In this study, we provide evidence that albumin is an essential component in the formation of the active LOS species. The chromatographic profile of LOS in the absence or presence of albumin is identical and generates a major species with M r > 2 x 10 4 kDa (Fig. 1) .
However, results presented here indicate that albumin is necessary for the disaggregation of by guest on October 5, 2017
http://www.jbc.org/ Downloaded from LOS agg promoted by interaction with LBP and sCD14 ( Fig. 2A) and for maximal cellular response to LOS in HUVEC as measured by IL-8 production (Fig. 2B ).
Albumin has unique structural properties that include six hydrophobic sites responsible for its ability to bind fatty acids, hydrophobic drugs, bile acids, and steroid hormones (37) (38) (39) (40) . The ability of albumin to bind and transport long chain fatty acids accounts for the unexpected solubility of these compounds in plasma and permits their transport between different tissues and organs. Associations between endotoxin and albumin have been demonstrated in many studies and in diverse biological settings including whole serum (24, (41) (42) (43) (44) . These interactions involve primarily the Lipid A region, most notably by increasing the solubility of isolated Lipid A (23, 25, 26, 41, 45) . Reduced recoveries observed during chromatography with LPS in the absence of albumin would be consistent with these previous findings and support a role for albumin to facilitate the "solubility" of LPS in aqueous solutions.
An activating role of albumin on endotoxin activity in vitro and in vivo has been previously shown (23, 43, 46) . Complexes of albumin with isolated lipid A or intact LPS are bioactive, especially when presented in disaggregated form (27,42,47-50). Our findings also show a striking parallel between albumin-dependent disaggregation of endotoxin and endotoxindependent cell activation (Figs. 2-4 ). However, we have shown by high resolution gel sieving chromatography on Sephacryl S200 and immunoassays that the bioactive complex is smaller than albumin (ca. 60 kDa) and likely contains one molecule each of sCD14 and LOS ("LOS:sCD14") (Fig. 6 ). Whereas albumin is not associated with the bioactive complex in a high affinity interaction, nonetheless, albumin apparently is needed to maintain the solubility/stability of the bioactive species thereby facilitating its delivery to Toll-Like Receptor 4-dependent cell membrane acceptor systems 1 . The formation of bioactive LPS-albumin by guest on October 5, 2017 http://www.jbc.org/ Downloaded from complexes in earlier studies was accomplished by using high concentrations of the reactants, long incubations times, EDTA and were generated in the absence of LBP and/or sCD14 (11, 27, 32, (51) (52) (53) of LOS to sCD14 suggests that the "active" configuration of LOS agg :LBP is one in which lipophilic groups within Lipid A are more exposed (Fig. 7) . In the absence of albumin, such a physical presentation would probably be unstable and lead to further re-arrangements that may then render LOS agg :LBP refractory to disaggregation with sCD14 even when albumin is subsequently added (Fig. 5C; Fig. 7 ).
Therefore, while albumin may directly form bioactive complexes with LPS (Lipid A) under highly artificial conditions, we believe its more physiological role in endotoxin-dependent cell activation reflects its ability to associate, however transiently, with exposed Lipid A as endotoxin moves across aqueous spaces from a complex hydrophobic environment to specific protein acceptors. The requirement for albumin is apparently specific since neither ovalbumin nor gelatin was able to substitute for albumin in promoting disaggregation or cell activation. It is possible that this function could be fulfilled by other "lipid carriers". However, it is also possible the weak endotoxin binding properties of albumin previously described (27, 43, 53) Although all endotoxins have several highly conserved structural characteristics, there are many structural variations among the broad array of Gram-negative bacterial endotoxin species present in nature (5,2). These include differences in the number, structure, and site of linkage of fatty acids within lipid A, the presence of other sub-stochiometric substituents with lipid A and inner carbohydrate core regions as well as the overall composition and length of the oligo-or polysaccharide chain. Such structural variations may affect the solubility of endotoxin aggregates and/or protein-endotoxin complexes in aqueous environments and, hence, the need for albumin to maintain these aggregates in a dispersed form potentially reactive with downstream host acceptors. A similar role for albumin in promoting LBP/sCD14-dependent transformation of both E. coli K12 LPS and NMB LOS was observed (see figs. 2 and 4), but the structural differences between these two endotoxin species may be too limited to adequately test this hypothesis. It should be noted that the ability of albumin to facilitate transfer of hydrophobic molecules in aqueous environments between proteins has been observed previously.
For example, albumin promotes a bi-directional transfer of cholesterol between cells and extracellular proteins that contributes significantly to cholesterol efflux (55, 56) . This occurs despite (because of ?) the low affinity of cholesterol for albumin. This effect is also albumin specific and not replicated by either ovalbumin or gelatin. Therefore, it seems likely that the role by guest on October 5, 2017 http://www.jbc.org/ Downloaded from described in this study will apply not only to NMB LOS and E. coli K12 LPS, but to a much broader array of endotoxin species.
In summary, the results presented in this paper indicate that albumin is an important cofactor in the formation and delivery of bioactive endotoxin-containing complexes to endotoxinresponsive cells. We propose that this role of albumin is conferred by its ability to transiently shield the hydrophobic portion of the Lipid A moiety from a hydrophilic environment and thereby permit more effective extraction and transfer of monomers of endotoxin to specific host 
